Iron is essential for all cells but is toxic in
Introduction
Iron is an essential metal, used primarily by erythrocytes for hemoglobin synthesis. Intracellular iron levels must be controlled because iron can participate in redox reactions leading to the generation of damaging free radicals. Since there is no mechanism for regulated iron excretion, iron intake and distribution are tightly regulated. Serum iron circulates bound to transferrin and is taken up by cells via receptor-mediated endocytosis as iron-bound transferrin binds the transferrin receptor (Tfr1). 1 Mice lacking Tfr1 display severe anemia and die before embryonic day 12.5 (E12.5), thus supporting its critical role in erythropoiesis. 2 Tfr1 ϩ/Ϫ mice survive to adulthood but have microcytic, hypochromic erythrocytes, which are most likely due to a reduction of cell surface Tfr1 leading to iron-deficient erythropoiesis. 2 Hepcidin, a secreted peptide hormone produced primarily by hepatocytes, is a key regulator of iron homeostasis. Hepcidin binds the iron exporter ferroportin, causing its internalization and degradation. Dietary iron enters circulation by traversing intestinal epithelial cells, exiting through ferroportin. Similarly, tissue macrophages that have phagocytosed senescent red blood cells release iron back into circulation through ferroportin. Therefore, hepcidin binding to ferroportin prevents dietary iron uptake and the release of iron from tissue macrophages. Hepcidin production responds to iron stores and erythroid demand and thereby balances iron release into the serum. 3 STAT5A and STAT5B are transcription factors that are activated by numerous cytokines, including erythropoietin (Epo). [4] [5] [6] Upon binding of Epo to its receptor (EpoR), the receptor-associated tyrosine kinase Jak2 activates STAT5A/B, which in turn regulates erythropoiesis. [7] [8] [9] [10] However, the molecular understanding of this process remains fragmented. Mice from which the entire Stat5a/b locus has been deleted (Stat5a/b Ϫ/Ϫ mice) display severe anemia and die perinatally, 8 precluding definitive analysis of the role of STAT5A/B in erythropoiesis in vivo. In particular, the perinatal lethality has prevented studies of the role of STAT5A/B in iron homeostasis.
To address the function of STAT5A/B in erythropoiesis in vivo, we deleted the Stat5a/b locus in hematopoietic stem cells (HSCs) through the use of mice that carried the Stat5a/b locus flanked by loxP sites and also a Tie2-Cre (TC) transgene 11, 12 (Stat5a/b f/f; TC ), which is known to be active in HSCs. Stat5a/b f/f; TC neonates and adult mice displayed microcytic, hypochromic anemia and liver iron deposition. Here we analyze the molecular basis of the microcytic, hypochromic anemia and link STAT5A/B to transcriptional regulation of Tfr1.
Methods

Mice and genotype analysis
Stat5a/b Ϫ/Ϫ mice were generated using Cre-mediated recombination. 8 Stat5a/b fl/fl mice 8 were bred with mice carrying the Tie2-Cre transgene. 11, 12 Genotyping was performed by polymerase chain reaction (PCR) as described. 8, 12 The Stat5a/b floxed allele was amplified with primers 5Ј-AGCAGCAACCAGAGGACTAC-3Ј and 5Ј-TACCCGCTTCCATTGCT-CAG-3Ј. Primers specific for the recombined Stat5a/b allele were 5Ј-AGCAGCAACCAGAGGACTAC-3Ј and 5Ј-CCCATTATCACCTTCTTTA-CAG-3Ј. Tie2-Cre primers were 5Ј-CGCATAACCAGTGAAACAGCATT-GC-3Ј and 5Ј-CCCTGTGCTCAGACAGAAATGAGA-3Ј. Wild-type recipient mice (6-to 8-week-old B6.SJL-CD45.1 mice) were purchased from The Jackson Laboratory (Bar Harbor, ME). Animals were handled and housed in accordance with the guidelines of the National Institutes of Health (NIH, Bethesda, MD) Animal Care and Use Committee.
RNA isolation from erythroid cells and quantitative real-time PCR analysis of Stat5 deletion efficiency and Tfr1 and DMT1 expression
Ter119-positive and -negative cells were isolated from fetal liver or adult bone marrow and spleen using magnetic positive selection with anti-Ter119 microBeads (Miltenyi Biotec, Auburn, CA) according to the manufacturer's instructions. RNA was extracted and purified using an RNeasy Plus mini kit (Qiagen, Valencia, CA). Total RNA (0.5 g) was reverse transcribed into cDNA using the Superscript III First-strand synthesis Supermix (Invitrogen, Frederick, MD). Taqman real-time quantification of mRNA transcript levels was performed using mouse-specific FAM STAT5a primer Mm00839861_m1, Tfr1 primer Mm00441941_ml, DMT1 primer Mm00435363_ml (Applied Biosystems, Foster City, CA), and VIC ␤-actin primers for normalization. The assay was run on a 7900 HT fast real-time PCR system (Applied Biosystems) and analyzed with SDS2.3 Software (Applied Biosystems).
Complete blood count
Neonates and adult mice were bled from the mandibular vein into 1.5-mL microcentrifuge tubes through heparinized capillary hematocrit tubes (Drummond Scientific, Broomall, PA). Complete blood count (CBC) was measured by HEMAVET multispecies hematology system-HV950FS (Drew Scientific, Dallas, TX) per the manufacturer's instructions.
Giemsa staining
Blood smears were made using peripheral blood from the mouse mandibular vein. Slides were fixed in 100% methanol for 30 minutes, rinsed in water, and stained with freshly made 10% Giemsa for 30 minutes. The right femur was isolated from E18.5 embryos, fixed in neutral buffered formalin (Fisher Scientific, Pittsburgh, PA) at 4°C overnight, dehydrated, and embedded in paraffin. Tissue blocks were sectioned at 5 m. Bone sections were deparaffinized and stained with freshly made 10% Giemsa for 30 minutes.
Images were captured on an Olympus (Tokyo, Japan) BX51 light microscope equipped with Plan 10ϫ/0.25, Plan-NEOFLUAR 20ϫ/0.50, and UPlan Fl 60ϫ/1.25 Oil Iris lenses and a Nikon (Tokyo, Japan) digital still DXM 1200 camera using ACT-1 (version 2.6.3.0) software. Captured images were processed by Adobe Photoshop (version 9) and Illustrator (version 10) software (Adobe Systems, San Jose, CA).
Tissue iron analyses
Liver and spleen samples were digested in acid and tissue non-heme iron was determined as described previously. 13 
Serum iron analyses
Serum was separated from whole blood that had been collected by retro-orbital bleed in microtainer serum separator tubes (Becton Dickinson, Franklin Lakes, NJ) and stored at Ϫ 20°C. Serum iron and unsaturated iron binding capacity (UIBC) were determined using the Serum Iron/UIBC kit (ThermoDMA, Louisville, CO) according to the manufacturer's instructions.
Perls Prussian blue iron staining
Liver tissues were fixed in neutral buffered formalin (Fisher Scientific) at 4°C overnight, dehydrated, and embedded in paraffin. Tissue blocks were sectioned at 5 m. Liver sections were deparaffinized and hydrated in distilled water, and incubated in stock potassium ferrocyanide solution for 5 minutes and in working potassium ferrocyanide-hydrochloric acid solution for 20 minutes. Sections were rinsed in distilled water and counterstained in nuclear fast red solution for 5 minutes. Sections were washed in running water and dehydrated in 95% and 100% alcohol, cleared in xylene, and then mounted with Permount (Fisher Scientific).
RNA isolation and quantitative real-time PCR analysis of hepcidin levels
Total RNA was isolated from liver tissue that had been snap-frozen at Ϫ 80°C and stored in RNALater (Qiagen). Livers were homogenized in RNA STAT-60 (Leedo Medical Laboratories, Houston, TX). RNA was extracted according to the manufacturer's instructions. Total RNA was treated with DNase I (Roche, Indianapolis, IN) to remove trace DNA, and cDNA was synthesized using the iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA), according to the manufacturer's instructions. Real-time quantification of mRNA transcript levels was performed using the iQ SYBR Green Supermix (Bio-Rad), according to the manufacturer's instructions. Hepcidin (Hamp1) mRNA was amplified using primers mHamp1-F 5Ј-CTGAGCAGCACCACCTATCTC-3Ј and mHamp1-R 5Ј-TGGCTCTAG-GCTATGTTTTGC-3Ј. ␤-Actin (Actb) mRNA was amplified as an internal control using primers mbact F 5Ј-ACCCACACTGTGCCCATCTA-3Ј and mbact R 5Ј-CACGCTCGGTCAGGATCTTC-3Ј. 14 Standard curves for hepcidin and ␤-actin were generated from dilutions of cDNA made from liver in parallel to other experimental samples. Samples were run in triplicate and results were reported as the ratio of the mean values for hepcidin to ␤-actin.
Flow cytometry
Fetal livers were mechanically dissociated in phosphate-buffered saline with 0.5% bovine serum albumin (PBS/0.5% BSA) through a 40-m strainer and resuspended in PBS/0.5% BSA. Cells were incubated with a phycoerythrin (PE)-conjugated ␣-Ter119 antibody, FITC-conjugated ␣-CD71 (Tfr1) antibody, and 7-AAD (7-amino-actinomycin D) for 15 minutes at room temperature. Blood from fetuses, neonates, or adults was collected and stained with a PE-conjugated ␣-CD71 antibody for 15 minutes at room temperature. After washing with PBS/0.5% BSA, cells were stained with Reti-COUNT (thiazole orange) reagent (BD Biosciences, San Diego, CA) for 30 minutes at room temperature followed directly by fluorescence-activated cell sorting (FACS) analysis. Constitutively active STAT5A-transfected MEL cells were stained with PE-conjugated ␣-phospho-STAT5A (Y694) or PE-conjugated ␣-CD71 antibodies for 15 minutes at room temperature. Cells were washed with PBS/0.5% BSA and FACS analysis was performed. All antibodies were purchased from BD Pharmingen (San Diego, CA) and antibody titers were determined before experiments. FACS analyses were carried out using FACSCalibur (BD Biosciences). Data analyses were performed using FlowJo (TreeStar, Eugene, OR).
Microarray analysis
Isolated Ter119-positive fetal liver cells from 3 to 5 E14.5 embryos of the same genotype were combined, and total RNA was extracted using TRIzol reagent (Life Technologies, Bethesda, MD) with 2 additional ethanol precipitations. RNA quality was verified using an Agilent Bioanalyzer (Agilent Technologies, Palo Alto, CA). Microarray analyses were performed using Affymetrix Mouse Genome 430 2.0 array GeneChips (Affymetrix, Santa Clara, CA). Microarray signals were analyzed using the Affymetrix RMA algorithm. Up-and down-regulated genes were selected based on P values less than .05 and fold changes of more than 1.5 or less than 1.5 as assessed by ANOVA using Partek Pro software (Partek, St Louis, MO). Microarray data have been deposited in Gene Expression Omnibus (GEO) under accession number GSE11777. 15 Retrovirus production and transfection with constitutively active STAT5A
Recombinant mouse stem cell virus (MSCV) vectors expressing STAT5A (R20, constitutively active mouse STAT5A), in which STAT5A was mutated at the N-terminus and amino acids 1 to 136 were deleted, and green fluorescent protein (GFP) were gifts from Dr Richard Moriggl (Vienna, Austria). The MEL cell line was maintained in Dulbecco modified Eagle medium (DMEM) with 10% FBS, penicillin, and streptomycin. MEL cells that express constitutively active mouse STAT5A were established by transfecting MEL cells with STAT5A/GFP retroviral vectors. MSCV-GFPtransfected MEL cells were set as control. MEL cells were transfected with the cell line Optimization Nucleofector kit (Amaxa, Gaithersburg, MD). Nucleofector Solution L (Amaxa) in combination with program A-20 was used in transfection. Four to 5 hours after transfection, 1.5% DMSO was added to the medium. The cultures were maintained at 37°C with 5% CO 2 . After 72 hours, the MSCV-STAT5A-GFP-and MSCV-GFP-transfected MEL cells were collected, and activated STAT5A and Tfr1 expression levels were analyzed by FACS.
Chromatin immunoprecipitation assay
Chromatin immunoprecipitation (ChIP) assays were performed as previously described 16 using the Upstate Biotechnology ChIP kit (Temecula, CA). STAT5A/GFP-or GFP-transfected MEL cells were sorted by BD FACSAria Flow Cytometer (BD Biosciences) and were cross-linked immediately using 1% formaldehyde (Protocol Formalin; Fisher Scientific). Cell lysates were sonicated and immunoprecipitated with an ␣-Stat5 antibody (R&D Systems, Minneapolis, MN) or rabbit serum as a control (Upstate Biotechnology). Immunoprecipitated DNA was eluted and amplified by real-time PCR using a 7900 HT fast real-time PCR system (Applied Biosystems) and analyzed using SDS2.3 Software (Applied Biosystems). Sequence-specific primers and probes used for amplification of the putative STAT binding sites (GAS sites) within the Tfr1 gene were as follows: GAS 1: 5Ј-CATGGTAGGATCTCAGTTCATGGC-3Ј and 5Ј-CAGGTTACT-GAAGGCTTACGATGG-3Ј; GAS 2: 5Ј-CTCCCAAGTGCTAGGATTA-AAGGC-3Ј and 5Ј-GACTGGATGCTGAATAGAGGTGGG-3Ј; GAS 3: 5Ј-GCTCTAGCGATTGGGTCTGTTTC-3Ј and 5Ј-GCCTCTTGCCTC-CCAAGTACTAG-3Ј. Sequence primers outside the GAS sites were as follows: 5Ј-AGTGTCACGGACATTTAGAGGGG-3Ј and 5Ј-CAGCGT-TCAGACCTATTCTGCC-3Ј. As a positive control, primers that detect the binding site for STAT5A/B on the IGF-1 gene were designed based on the sequences in rat. 17 The sequence primers were 5Ј-GCATATGTCTCT-GAAAGGGGTGA-3Ј and 5Ј-GGCACAAGCTAGCCGATGGTTAG-3Ј, which detect 2 GAS sites in intron 2. All Ct values were normalized to the values from primers outside the Tfr1 GAS sites (2 kb away from GAS 3 site) (⌬Ct), and then ⌬Ct values were normalized to rabbit serum (⌬⌬Ct). The results (2ˆ⌬⌬Ct) were expressed as fold enrichment relative to GFP control.
Apoptosis assay
Spleens were taken from 8-to 10-week-old Stat5a/b f/f; TC mice or littermate control mice and were resuspended in PBS/0.5% BSA. Ter119-positive cells were separated using magnetic positive selection with anti-Ter119 microBeads (Miltenyi Biotec) according to the manufacturer's instructions. An aliquot of the Ter119-positive cells were stained with annexin V-PE apoptosis detection kit I (BD Pharmingen) following the manufacturer's instructions and then incubated with an APC-conjugated ␣-Ter119 antibody (BD Pharmingen) for 15 minutes at room temperature. FACS analysis was performed as described in "Flow cytometry." The splenic Ter119-positive cells were cultured for 24 hours in IMDM with 15% FBS, 1% BSA, 200 g/mL holo transferrin, 10 g/mL recombinant human insulin, 2 mM L-glutamine, 10 Ϫ4 M ␤-mercaptoethanol, and 5 U erythropoietin and then subjected to FACS analysis for apoptosis at the indicated time points.
Transplantation
Embryonic day-14.5 (E14) fetal liver cells were harvested from Stat5a/b Ϫ/Ϫ fetuses or control littermates and dispersed with a 21-gauge needle. The cells were resuspended in phosphate-buffered saline containing 2% fetal bovine serum. Cells (1 ϫ 10 6 ) were injected via the lateral tail vein into recipient mice that were lethally irradiated with 11G␥ 4 to 5 hours before injection. FACS analysis was used to determine the reconstitution of donor cells. PerCP-Cy5.5-conjugated CD45.2 was used as donor cell marker; and PE-conjugated CD45.1 was used as recipient cell marker. Mice were killed 5 months after transplantation and analyzed.
Results
Deletion of the Stat5a/b locus in the germ line and hematopoietic cells
Stat5a/b ϩ/Ϫ mice 8 were generated through the deletion of the Stat5a/b locus flanked by loxP sites by an MMTV-Cre transgene, which is active in the female germ line. 18 The Stat5a/b locus was selectively deleted in hematopoietic cells in mice carrying 2 floxed Stat5a/b alleles and a Tie2-Cre transgene 11 (Stat5a/b f/f; TC mice). Quantitative real-time PCR confirmed the deletion of the Stat5a/b locus in Stat5a/b f/f; TC mice, and Stat5a/b mRNA levels in fetal Ter119-positive and -negative cells were reduced by more than 90% (data not shown).
Stat5a/b ϩ/Ϫ males and females were mated, and from the more than 2000 mice weaned only 9 were Stat5a/b Ϫ/Ϫ . Prior to parturition, Stat5a/b Ϫ/Ϫ fetuses were present in a normal Mendelian ratio, suggesting that Stat5a/b Ϫ/Ϫ mice died perinatally. Newborn Stat5a/b Ϫ/Ϫ mice were anemic with hematocrits of approximately 1.6 (16%; Table 1 ) and died of unknown cause within hours after delivery. In contrast, Stat5a/b f/f; TC mice were born at the expected Mendelian ratio. Stat5a/b f/f; TC neonates had hematocrits of approximately 2.5 (25%) compared with 4.7 (47%) in controls, and hematocrits in adult mutant mice remained low at 2.9 (29%; For personal use only. on March 30, 2017 . by guest www.bloodjournal.org From demonstrating that loss of STAT5A/B results in microcytic, hypochromic anemia. Increased red cell distribution width (RDW) in Stat5a/b f/f; TC neonates and adult mice was suggestive of iron deficiency. Stat5a/b Ϫ/Ϫ neonates were severely anemic, although their RDWs were not elevated, most likely due to a complete inability to produce normal cells. Consistent with the measured parameters, peripheral blood smears of Stat5a/b f/f; TC embryos and neonates subjected to Giemsa staining ( Figure 1) showed microcytosis, anisocytosis, poikilocytosis, and hypochromia. The number of mature red blood cells was greatly reduced in Stat5a/b f/f; TC fetuses and neonates compared with wild-type controls, and a higher ratio of nucleated erythroid cells was observed (Figure 1 ). The morphology of bone marrow from Stat5a/b f/f; TC mice established the presence of red cell hypoplasia ( Figure S1 , available on the Blood website; see the Supplemental Materials link at the top of the online article). These findings all are consistent with a defect in delivery of iron to developing erythroblasts.
To determine whether phenotypic differences observed in Stat5a/b Ϫ/Ϫ and Stat5a/b f/f; TC mice compared with controls are autonomous to the hematopoietic lineage or due to changes in other tissues potentially affected by the loss of STAT5A/B, we transplanted Stat5a/b Ϫ/Ϫ fetal liver cells (CD45.2) into lethally irradiated hosts (CD45.1). Five months after transplantation, mice that received a transplant of control fetal liver cells had hematocrits of 3.8 (38%), whereas mice that received a transplant of Stat5a/b Ϫ/Ϫ cells had hematocrits of 2.6 (26%; Table 2 ). Both MCV and MCH were reduced in mice that received a transplant of Stat5a/b Ϫ/Ϫ cells. These data support our conclusion that loss of STAT5A/B in hematopoietic cells alone is sufficient to cause microcytic, hypochromic anemia. In lysed peripheral blood from mice that received a transplant of control cells, 95% of cells were CD45.2 (donor derived). In contrast, only 63% of these cells from mice that received a transplant of Stat5a/b Ϫ/Ϫ cells were C45.2, suggesting that surviving control recipient cells had a competitive advantage over Stat5a/b Ϫ/Ϫ cells (data not shown).
Analysis of tissue and serum iron
Microcytic, hypochromic anemia is commonly caused by insufficient iron available to developing erythrocytes. To determine whether Stat5a/b mutant mice had a defect in iron metabolism, tissue and serum non-heme iron levels were analyzed. We measured non-heme iron content in liver tissue from Stat5a/b f/f; TC and wild-type adult mice and Stat5a/b f/f; TC and wild-type neonates and found that the livers of Stat5a/b f/f; TC mice were iron loaded compared with wild-type controls (Figure 2A ). In addition, Prussian blue iron staining of liver sections revealed periportal hepatocyte iron staining in Stat5a/b f/f; TC livers but not in controls ( Figure  2E ). There was no significant difference in spleen non-heme iron content by tissue iron assay or Prussian blue staining (data not shown). Serum iron levels ( Figure 2B ) and transferrin saturation ( Figure 2C ) were elevated in Stat5a/b f/f; TC mice compared with controls. These data demonstrate that Stat5a/b f/f; TC mice have sufficient or excess total body iron, suggesting that the anemia is not caused by overall iron insufficiency. Therefore, the anemia is likely caused by an inability of the erythrocytes to assimilate iron. To confirm cell autonomy, we analyzed iron parameters in lethally irradiated control mice that had received a transplant of control or For personal use only. on March 30, 2017 . by guest www.bloodjournal.org From Stat5a/b Ϫ/Ϫ fetal liver cells. Liver iron levels from mice that received a transplant of Stat5a/b Ϫ/Ϫ cells were increased more than 2.5-fold compared with controls ( Figure 2F ), and serum iron levels and transferrin saturation were also significantly increased ( Figure 2G,H) .
Hepcidin mRNA levels were analyzed in liver tissue from Stat5a/b f/f; TC and control adult and neonate mice by quantitative real-time PCR. Hepcidin mRNA levels were approximately 2.5-fold higher in mutant neonates than in wild-type controls, and approximately 1.9-fold higher in mutant adults than in wild-type controls ( Figure 2D) . Similarly, hepcidin levels in mice that received a transplant of Stat5a/b Ϫ/Ϫ fetal liver cells were elevated 2-fold over controls ( Figure 2I ).
Transferrin receptor expression in erythroid cells
Iron uptake into erythrocytes occurs by receptor-mediated endocytosis of iron transferrin bound to Tfr1. We assessed cell surface Tfr1 levels on similar populations of reticulocytes from control and Stat5a/b f/f; TC mice by FACS, using reticulocyte RNA content as a measure of cell maturity. We determined that Tfr1 levels were decreased by approximately 50% in adult mutant mice ( Figure  3A ,B). Tfr1 levels also were significantly reduced in fetal liver Ter119-positive cells from Stat5a/b Ϫ/Ϫ mice ( Figure 3B ). As determined from FACS analysis forward scatter, neonate and adult Stat5a/b f/f; TC Ter119-positive cells were 6% to 7% smaller than controls, and Stat5a/b Ϫ/Ϫ Ter119-positive cells were 23% smaller Biologic and technical triplicates were analyzed. Highlighted genes' expression levels differ significantly between mutant and control. Listed genes include those considered erythropoiesis-related genes. The entire data set is available in Table S1 .
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ZHU et al BLOOD, 1 SEPTEMBER 2008 ⅐ VOLUME 112, NUMBER 5 For personal use only. on March 30, 2017 . by guest www.bloodjournal.org From (data not shown). Gated Ter119-positive cells from lethally irradiated recipient mice that had received a transplant of Stat5a/b Ϫ/Ϫ cells also expressed significantly less Tfr1 ( Figure 3C ).
To investigate whether the reduction in cell surface Tfr1 was due to a change in transcriptional regulation, we isolated total RNA from Stat5a/b Ϫ/Ϫ and control fetal liver Ter119-positive cells and subjected it to microarray analyses (Document S1). This approach also allowed us to monitor the expression of other genes involved in iron metabolism and erythropoiesis. Tfr1 mRNA levels were decreased by approximately 30% in Stat5a/b Ϫ/Ϫ erythroid cells, suggesting that the decrease in Tfr1 protein is due to reduced Tfr1 mRNA. Real-time reversetranscription (RT)-PCR showed Tfr1 mRNA levels reduced by 60% in bone marrow and 80% in splenic cells from adult Stat5a/b f/f; TC mice ( Figure 3D ). As erythrocytes have a high demand for iron and obtain it only via transferrin and Tfr1, 2, 19 this reduction in Tfr1 levels could cause iron-restricted erythropoiesis in the Stat5a/b mutant mice. Microarray analyses also 
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Induction of Tfr1 expression by constitutively active STAT5A
The decreased amount of Tfr1 mRNA and protein in Stat5a/b f/f: TC erythrocytes suggested that STAT5A/B regulates expression of the Tfr1 gene. To investigate whether STAT5A/B activity leads to the induction of Tfr1 gene transcription and protein expression, we transfected the murine erythroleukemia cell line MEL with a viral vector expressing a constitutively active STAT5A. 20 FACS analysis of cells 72 hours after transfection revealed activated STAT5A ( Figure 4A ,B) and a 2-fold increase in cell surface Tfr1 compared with GFP-transfected controls (Figure 4C,D) . These analyses demonstrate that STAT5A induces Tfr1 levels in MEL cells.
Stat5 binds to GAS sites in the Tfr1 gene
To investigate whether STAT5A/B directly induces Tfr1 transcription, we searched for putative STAT5A/B binding sites (GAS sites) surrounding the Tfr1 gene (http://www.ensembl.org). 21 We identified 3 GAS consensus sequences in the first intron of Tfr1 ( Figure  5A ). STAT5A/B previously has been shown to induce transcription via intronic GAS sites in other genes. 17 Therefore, we hypothesized that STAT5A/B directly induces Tfr1 transcription by binding to one or more of these putative GAS sites.
We used chromatin immunoprecipitation (ChIP) to determine whether STAT5A binds to any of the putative GAS sites. MEL cells were transfected with plasmids encoding constitutively active STAT5A or GFP as a control and STAT5A binding to GAS sites was analyzed. STAT5A binding was detected on all 3 GAS sites, and the most conserved GAS site (site 1) had a 16-fold enrichment compared with the GFP control ( Figure 5B ). Taken together, these data demonstrate that STAT5A binds to GAS sites in a putative Tfr1 regulatory region and that STAT5A activity leads to increased Tfr1 expression.
Increased apoptosis in the absence of STAT5A/B
Earlier studies have shown that erythroid cells expressing hypomorphic STAT5A/B undergo unscheduled apoptosis due to reduced levels of Bcl-x. 9, 10 To further establish to what extent apoptosis contributed to the anemia observed in Stat5a/b f/f; TC mice, we analyzed the survival response of splenic Ter119-positive cells to Epo. Ter119-positive cells from mutant and control mice were cultured in the presence of Epo and cell death was determined using annexin V staining (Figure 6 ). At day 0, 10% of freshly isolated Ter119-positive cells from control mice and 42% from Stat5a/b f/f; TC mice were positive for annexin V. Twenty-four hours after initiating the culture, 53% of control cells and 78% of mutant cells were annexin V positive. The elevated cell death in the absence of STAT5A/B strongly supports the notion that STAT5A/B also controls Epo-mediated cell survival. Bcl-x levels in STAT5A/B-null Ter119-positive cells were only slightly reduced and the significance of this remains to be determined. 
Discussion
Deletion of the Stat5a/b genes in HSCs and in the germ line results in microcytic, hypochromic anemia, and mutant mice display increased serum iron levels and liver iron deposition. In the absence of STAT5A/B, Tfr1 levels on erythroid precursors are reduced by 50%. Furthermore, STAT5A/B binds to GAS sites within the first intron of the Tfr1 gene and induces Tfr1 gene expression. Based on these data, we suggest that STAT5A/B controls erythropoiesis in part by regulating Tfr1 expression, which in turn allows unimpeded iron acquisition by erythroid cells. Stat5a/b Ϫ/Ϫ neonates display a hematocrit of 1.6 (16%) compared with 4.7 (47%) in controls. They die within hours after birth, which has precluded detailed studies of the in vivo function of STAT5A/B in adults. 8 To further understand the molecular basis of the erythropoietic defects, we deleted the Stat5a/b locus specifically in HSCs and endothelial cells using the Tie2-Cre transgene. Complete blood count analyses revealed that mutant mice were anemic (decreased red blood cell count, hemoglobin, and hematocrit), and had decreased mean corpuscular volume and mean corpuscular hemoglobin, indicating a microcytic, hypochromic anemia. The microcytic anemia was more profound in Stat5a/b Ϫ/Ϫ neonates than in Stat5a/b f/f; TC mice, suggesting that there might be additional defects from the whole body absence of STAT5A/B. Stat5a/b Ϫ/Ϫ neonates were smaller than control littermates or Stat5a/b f/f; TC mice. Possible explanations include more severe anemia, placental insufficiency, or a defect in IGF signaling.
Microcytic, hypochromic anemia is most commonly caused by insufficient iron acquisition by developing erythroid precursors. Stat5a/b mutant mice had increased serum iron levels and increased hepatocyte iron deposition, suggesting that the microcytic, hypochromic anemia was the result of insufficient erythroid iron utilization. The presence of abundant periportal hepatocyte iron further supported the hypothesis that excess unused iron had been removed from serum. Although some cells can use non-Tfr1-mediated mechanisms of acquiring iron, erythroid cells depend exclusively on Tfr1-mediated iron uptake. 2 Tfr1 Ϫ/Ϫ mice display severe anemia and die before embryonic day 12.5. Since anemia occurred in animals with hematopoietic-specific inactivation of Stat5a/b, we hypothesized that there was a defect in iron transport into erythroid precursors. RNA expression and FACS analyses revealed a decrease in Tfr1 mRNA and surface protein levels, respectively, on mutant erythroid cells. In addition, we found that active STAT5A stimulates expression of Tfr1 and binds to GAS sites in the first intron of the Tfr1 gene. Functional intronic GAS sites have been identified in other genes, such as the IGF-1 gene, which is highly activated by STAT5A/B. 17 Given the known function of STAT5A/B as a transcriptional regulator, these data strongly suggest that STAT5A/B up-regulates Tfr1 transcription. Erythroid cells must increase surface Tfr1 levels even as cellular iron content increases, because large amounts of iron are needed for hemoglobin production. 22, 23 Therefore, although we cannot exclude posttranscriptional regulation of Tfr1 mRNA stability by STAT5A/B, these data support a role for STAT5A/B in controlling Tfr1 transcription.
To determine whether the phenotypic differences observed in Stat5a/b mutant mice compared with controls are autonomous to the hematopoietic lineage or due to changes in other tissues potentially affected by the loss of STAT5A/B, we transplanted Stat5a/b Ϫ/Ϫ fetal liver cells into lethally irradiated hosts. We found that mice that received a transplant of Stat5a/b Ϫ/Ϫ cells displayed a phenotype that mimicked that of Stat5a/b f/f; TC mice. These mice had microcytic, hypochromic anemia, increased liver iron, serum iron, and transferrin saturation and decreased erythroid Tfr1 levels. We conclude that loss of STAT5A/B in hematopoietic cells is sufficient to induce these phenotypes.
In addition to erythroid iron deficiency, globin chain imbalance can be a primary cause of microcytosis. We analyzed globin mRNA levels in Stat5a/b Ϫ/Ϫ fetal liver Ter119-positive cells and found that expression of all but one globin gene was unimpaired (Table 3) . Steady-state levels of Hbb-hb1 mRNA (encoding hemoglobin Z, beta-like embryonic chain) were reduced by 50%. We do not believe that decreased embryonic beta chain expression explains the microcytosis that we observed. Mutations in the gene encoding the divalent metal transporter 1 (DMT1) in humans also cause iron overload and hypochromic microcytic anemia. 24 Although DMT1 mRNA levels in Stat5a/b f/f; TC mice were reduced by approximately 60% (data not shown), we were unable to locate GAS sites within putative regulatory sequences, suggesting that the reduced expression was a secondary event. However, the absence of bona fide GAS sides does not rule out that the Dmt1 gene is under the control of STAT5A/B.
Unlike the well-studied posttranscriptional regulation of Tfr1 mRNA, transcriptional regulation of Tfr1 remains less well characterized. It has been shown that various growth and differentiation factors can stimulate erythroid Tfr1 transcription. 25 In this study, we identified STAT5A/B as critical for efficient expression of the Tfr1 gene in erythroid precursors. STAT5A/B is considered a cytokine-inducible modulator and does not necessarily control basal levels of transcription. An accepted role of STAT5A/B is in the induction of target genes in hormone-responsive tissues to achieve high levels of specific mRNAs rapidly. [26] [27] [28] Similarly, Epo-induced stimulation of STAT5A/B activity would lead to the induction of erythroid Tfr1 transcription, which would allow sufficient iron to enter erythrocyte precursors for hemoglobin synthesis.
Production of the iron-regulatory hormone hepcidin is modulated in response to changes in iron stores and erythroid demand. Accelerated or ineffective erythropoiesis induces an unknown signal, "the erythroid regulator," which leads to downregulation of hepcidin expression in the liver, and consequently an increase in iron entering the system. Conversely, under conditions of iron overload, hepcidin expression is up-regulated by the "stores regulator" to prevent additional iron intake. 29 Under some circumstances, mice that are anemic but iron overloaded may have coexisting signals to both down-regulate and up-regulate hepcidin production. In most characterized cases of anemia coupled with iron overload, such as transferrindeficient mice 19 and ␤-thalassemic mice, 30 the erythroid signal is dominant and hepcidin production is markedly reduced. Therefore, we had expected hepcidin expression to be reduced in Stat5a/b f/f; TC mice. However, hepcidin expression was slightly increased in these mice, suggesting that the stores regulator is the dominant signal. As the genetic defect in Stat5a/b f/f; TC mice is restricted to hematopoietic cells, we hypothesize that the stores regulator dominates due to a deficiency in production or signaling of the erythroid regulator.
Similar to Stat5a/b f/f; TC mice, Tfr1 ϩ/Ϫ mice exhibit decreased cell surface Tfr1 and have microcytic, hypochromic erythrocytes. 2 However, unlike Stat5a/b f/f; TC mice, which have fewer red blood cells than wild-type controls, Tfr1 ϩ/Ϫ mice have a compensatory induction of erythropoiesis and an increased red blood cell count. For personal use only. on March 30, 2017 . by guest www.bloodjournal.org From Whereas Stat5a/b f/f; TC mice have decreased hemoglobin and hematocrit, Tfr1 ϩ/Ϫ mice display normal hemoglobin levels and hematocrits due to the increase in red blood cell number. It is an open question why Tfr1 ϩ/Ϫ , but not Stat5a/b f/f; TC , mice exhibit a compensatory increase in red blood cell production. In addition to decreased erythroid iron, Tfr1 ϩ/Ϫ mice have decreased hepatocyte iron due to the global reduction in Tfr1 expression. This contrasts with Stat5a/b f/f; TC mice, which have a hematopoietic-specific reduction in Tfr1 expression and have increased hepatocyte iron deposition.
In summary, this study provides evidence that STAT5A/B is an important transcriptional regulator of Tfr1 in erythroid cells. Transcriptional regulation of Tfr1 has not been fully characterized in these or other cells. It will be interesting to investigate the importance of STAT5A/Bdriven Tfr1 transcription in nonerythroid cell types and to compare how STAT5A/B activity is stimulated in each context.
